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Recognition of 5-YpG-3’' Sequences by Coupled
Stacking/Hydrogen Bonding Interactions with Amino
Acid Residues

Jason S. Lamoureux, Jason T. Maynes and J. N. Mark Glover*

Department of Biochemistry The combined biochemical and structural study of hundreds of protein-
University of Alberta DNA complexes has indicated that sequence-specific interactions are
Edmonton, Alta., Canada T6G mediated by two mechanisms termed direct and indirect readout. Direct
2H7 readout involves direct interactions between the protein and base-specific
atoms exposed in the major and minor grooves of DNA. For indirect read-
out, the protein recognizes DNA by sensing conformational variations in
the structure dependent on nucleotide sequence, typically through inter-
actions with the phosphodiester backbone. Based on our recent structure
of Ndt80 bound to DNA in conjunction with a search of the existing PDB
database, we propose a new method of sequence-specific recognition that
utilizes both direct and indirect readout. In this mode, a single amino
acid side-chain recognizes two consecutive base-pairs. The 3'-base is
recognized by canonical direct readout, while the 5-base is recognized
through a variation of indirect readout, whereby the conformational
flexibility of the particular dinucleotide step, namely a 5-pyrimidine-
purine-3' step, facilitates its recognition by the amino acid via cation—m
interactions. In most cases, this mode of DNA recognition helps explain
the sequence specificity of the protein for its target DNA.
© 2003 Elsevier Ltd. All rights reserved.
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Proteins bind and recognize specific target DNA
sequences through complex networks of electro-
static and hydrophobic interactions. In an early,
theoretical study, Seeman ef al. suggested that
sequence-specific interactions might be attained
through interactions between protein side-chains
and the faces of the DNA base-pairs exposed in
the major groove." The determination of the first,
high-resolution structures of protein-DNA com-
plexes in the late 1980s validated many of these
ideas, but also indicated that proteins might also
sense sequence-dependent variations in the fine
structure of the DNA double helix, or in its flexi-
bility, in a type of recognition termed “indirect
readout”.>™* Over the last 15 years, the structures
of hundreds of DNA-binding proteins in complex
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with their cognate DNAs have been determined
by X-ray crystallography and NMR, and, while
these studies have provided a rationale for why
specific proteins recognize their particular target
sequence, it has been extremely difficult to extract
fundamental principles from this database that
could be used to predict the DNA-binding prefer-
ences of a given protein a priori (for recent reviews
of the database of protein-DNA complexes, see
Refs. 5,6).

Arginine residue recognition of 5'-YpG-3'
by Ndt80

We recently determined the structure of a com-
plex of Ndt80, a central regulator of sporulation in
Saccharomyces cerevisiae, bound to a DNA contain-
ing its consensus site, the middle sporulation
element, or MSE.” The structure unexpectedly
revealed that Ndt80 is a member of the Ig-fold
family of transcription factors, and binds DNA in
a manner similar to other members of the family,
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such as p53, NF-kB, AML-Runt, and STAT tran-
scription factors. The Ndt80 structure, determined
at 1.4 A resolution, offered an excellent opportu-
nity to understand in detail the way in which this
protein selectively binds the MSE. The consensus
MSE?®? is 5'-gNCR CAAAW-3' (where N refers to
any nucleotide; R, a purine residue; Y, a pyrimidine
residue; W either an adenine base or a thymine
base, and lower case letters refer to semi-conserved
positions, and the nucleotide positions are labeled
1-9). The protein recognizes the 3 poly(A)-
poly(T) portion of the MSE through minor groove
interactions, while the 5 CG-rich end of the MSE
is recognized by three arginine residue side-chains
that make bidentate hydrogen bonds to the major
groove faces of the C-G base-pairs.

While these interactions are quite similar to the
ways in which other transcription factors recognize
DNA, the structure revealed an unexpected mode of
recognition of the conserved pyrimidine residues
immediately 5 to the guanine residues at positions
3 and 5. Ndt80 recognizes the inherent flexibility in

these 5'-YpG-3' dinucleotide steps through hydrogen
bonding interactions of arginine residue side-chains
to the major groove face of the guanine residue,
coupled to the loss of stacking of the 5'-pyrimidine
residue with the guanine residue, and concomitant
stacking of the pyrimidine residue on the co-planar
guanidinium group of the arginine residue (Figure
1). 5-YpR-3' steps are significantly more flexible
than other dinucleotide steps, probably due to the
low degree of base-pair overlap within the 5-YpR-3'
step.'” As a result, it is less energetically costly to
deform these dinucleotide steps, and 5'-YpR-3' steps
are often sites of DNA bending.'”"" Interestingly, the
5-YpR-3' steps presented here are not sites of signifi-
cant bending. The deformation of the 5'-YpR-3' steps
in Ndt80 is accompanied by a shift in the backbone
conformation of the 5-pyrimidine residue and/or
its complementary purine residue from the common
BI conformation, which is characterized by ¢ and {
torsion angles in the (t/¢~) range, where ¢ — { =
—90°, to the less common BII conformation, where
e,{=(¢ /t) and & — { = 4+90°. BII conformations

5-CGCAAAA-3
3-GCGTTTT-5

Figure 1. Alignment of Ndt80—-DNA complex with reference DNA structure. (a) The Ndt80—-DNA complex (blue) is
aligned to the reference DNA structure (orange) using the 3’ G-C base-pair of the 5'-YpG-3' step. The surface of Ndt80 is
shown in transparent grey with a green stick representation for Arg177 and Pro57 involved in the recognition of the 5'-
YpG-3' step. The thymine base 5' to the aligned guanine residue shifts about 1.5 A into the major groove in the Ndt80
structure relative to the reference. This shift allows Argl77 to make cation—m interactions to the thymine base in
addition to the typical bidentate hydrogen bonds to the guanine base. Pro57 also facilitates the shift by pushing the
thymine base from the minor groove. Note that the base-pairs 5 to the shifted thymine base align well with the
reference DNA, indicating that this distortion is limited to the 5-YpG-3' step. A similar distortion of the 5-YpG-3'
step is seen at the 5-TpG-3' step contacted by Arglll. (b) Consensus MSE sequence aligned to the actual sequence
used in the crystal structure. The two unstacked 5-TpG-3' steps are on the bottom strand and are highlighted. The
bottom duplex is the reference DNA structure with the 5-TpG-3' step highlighted. This reference DNA was chosen
because its sequence closely matches the sequence of the MSE in the Ndt80—DNA structure, and its structure and
helical parameters are similar to a standard 5-YpG-3' step constructed with 3DNA®" using averaged dinucleotide
step parameters obtained from the DNA structure database.'
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have long been known to lead to base unstacking'
and theoretical studies predict that these transitions
will be most prevalent in flexible 5-YpG-3' dinucleo-
tide steps.”

The importance of the 5-pyrimidine residue
within both of the 5-YpG-3' sequences for Ndt80
binding was demonstrated by the finding that
mutation of either 5-pyrimidine residue to a pur-
ine residue resulted in a three- to fivefold
reduction in DNA-binding affinity. Moreover,
mutation of the conserved thymine base at position
6 to a uracil residue, also caused a significant (two-
fold) reduction in binding affinity, consistent with
the idea that the 5-methyl group of thymine base
is critical for stacking interactions with the arginine
residue.”

Quantum mechanical calculations have also
provided support for the idea that arginine residue
side-chains that are hydrogen bonded to guanine
residues will interact favorably with bases
immediately 5 to the guanine nucleotide.'*'
These studies, however, predicted that interactions
between the arginine residue and a 5-purine
residue, not a pyrimidine base, would be more
energetically favorable.

Database search for interactions between
arginine residues and 5-YpG-3' steps

To ascertain whether recognition of 5-YpG-3'
dinucleotide steps by arginine residues is utilized
by other DNA-binding proteins, we searched a
database of structures of proteins bound to DNA
for 5-YpG-3' dinucleotide steps in which an
arginine residue side-chain is simultaneously
hydrogen-bonded to the guanine residue and in
van der Waals contact with the 5-pyrimidine
residue which is shifted into the major groove.
The criteria used to determine whether the pyrimi-
dine residue was shifted into the major groove are
summarized in Figure 2(a). The search of 553
protein—-DNA complexes derived from the protein
databaset uncovered 13 distinct complexes which
clearly display this kind of interaction (Table 1,
see Methods). One of these proteins, the AML1/
Runt domain, is structurally related to NdAt80.
AML1/Runt, like Ndt80, is an Ig-fold transcription
factor, and binds DNA using the same edge of the
Ig-fold B-sandwich.'*"” The other proteins
uncovered in the search have a variety of unrelated
structures. MAT a2, Pbx, and Ubx are all homeobox
proteins, while the Escherichia coli PurR repressor
and CRE recombinase recognize DNA via helix-
turn-helix motifs. E2F and DP proteins utilize a
winged-helix motif to bind their target sequence,
while ZIF268 recognizes DNA using three tandem
Zn fingers which each recognize three consecutive
base-pairs. C/EBPB is an homodimeric bZIP tran-
scription factor that contacts DNA using two
highly positively charged o-helices. The E. coli

thttp:/ /www.rcsb.org/pdb/

Figure 2. Searching the structural database for amino
acid-assisted 5-YpG-3' unstacking. (a) Identification of
unstacked pyrimidine—purine residue steps. In this
panel, the 5-YpG-3' dinucleotide step is shown as a
stick representation of the bases with the C1’ atom of
the deoxyribose sugar depicted as a large sphere. The
5-YpG-3' step corresponding to base-pairs 5 and 6 of
the Ndt80 complex is shown in blue and the reference
base-pair step is shown in orange. Three interatomic
distances (shown as dotted lines) were calculated:
YO02-5C4, YC2-C5C5, and YO2-SC5, where the superscript
text indicates the identity of the base. In standard
B-DNA, the YO2-°C4 and YC2-SC5 distances are
approximately equal while the YO2-SC5 distance is
greater. In the NdAt80-DNA complex, the pyrimidine
residue shifts into the major groove and the YO2-°C4
and YC2-SC5 distances become larger while YO2-°C5 is
shortened. In our analyses of the protein—-DNA structure
database, we consider a dinucleotide step to be
unstacked if the YO2-SC5 distance is shorter than both
the YO2-SC4 and the YC2-°C5 distances. (b) The sum-
mary of base displacements. The 5'-pyrimidine residue
(red) and its complementary purine residue (green) of
the reference DNA are shown viewed down the helical
axis. The centroid of the pyrimidine residue ring and
the centroid of the six member ring of the purine residue
are shown as yellow spheres for the reference DNA. The
corresponding centroids for the average 5-YpG-3' step,
as calculated by 3DNA, are displayed as blue spheres,
while the centroids of the shifted pyrimidine residue
rings are shown as red spheres with the complementary
purine residue centroids as green spheres. The move-
ment of the pyrimidine residue is mostly a shift into the
major groove while the purine residue compensates by
a displacement along its long axis. Typically the move-
ment of the pyrimidine residue is greater than that of
the complementary purine residue.


http://www.rcsb.org/pdb/

Table 1. Summary of the database search and DNA parameters for the 5-YpG-3' steps

Residues
PDB DNA Arg His YtorefY Energy
1D Fold type complex Resolution  residue* residue = DNA consensus distance® Shift Slide Rise Tilt Roll Twist (kT /2)
A
1AKH  Homeo-domain =~ MAT 2.50 R54 TGT 2.07 —0.06 -0.79 3.51 -1.23 9.82 41.1 7.1
alalpha2 (B185)
1AKH MAT 2.50 R55 TGATGT 0.70 0.32 0.11 3.02 -0.70 5.70 35.9 2.4
alalpha2 (A124)
1B72 Pbx1- 2.35 R55 RTGATT 2.02 -0.83 0.42 3.34 —3.75 9.01 339 45
Hox1 (B290)
1B8I Ubx-Exd 2.40 R55 RTGATT 1.58 —0.66 0.36 3.45 —-1.96 10.77 35.1 3.6
(B258)
1QPZ Helix-turn-helix =~ PurR 2.50 R26 AYGCAAAC 2.25 -149 —0.67 3.56 1.15 —6.52 344 17.1
motif (A26)
5CRX Cre 2.70 R259 TATACGAAGTTAT 1.78 -1.22 0.30 3.04 -1.51 0.99 32.8 57
(A259)
1H9D Ig-fold Beta AML1- 2.60 R174 YGYGGTY 2.11 -1.24 -0.18 3.25 —4.45 2.28 33.7 49
sandwich CBFB (C174)
1IMNN NDT80 1.40 R111 WTTTGYGNc 2.37 -0.95 -0.30 3.73 —547 3.98 39.8 10.6
(A111)
1IMNN NDT80 1.40 R177 WTTTGYGNc 1.97 -1.22 0.51 3.15 —3.69 3.32 34.7 8.6
(A177)
1CF7 Winged-helix E2F4- 2.60 R121 TTTCGCGCG 2.87 -1.95 1.05 3.66 —2.61 —4.35 349 13.1
motif DP2 (B121)
1CF7 E2F4- 2.60 R56 TTTCGCGCG 2.52 -1.65 0.27 3.43 -6.21 -10.09 35.1 17.2
DP2 (A56)
1ECR Interdomain TUS 2.70 R232 TAGTATGTTGTAACTA 2.75 -1.11 -0.86 427 -0.49 9.84 35.9 18.7
Beta-strands (A232)
1AAY Zn finger ZIF268 1.60 R18 GCGTGGGCG 2.23 —1.14 0.31 3.37 —4.50 6.05 33.7 2.3
(A118)
1AAY 1.60 R74 GCGTGGGCG 242 -0.95 -0.21 3.49 -7.23 7.82 36.2 4.8
(A174)
1GU4 bZIP C/EBP 1.80 R289 RTTRCGCAAY 2.32 -1.13 —0.67 3.27 1.58 7.89 29.0 9.6
beta (A289)
AVG —1.018666667  —0.023333333  3.436 —2.738 3.767333333  35.07333333 8.7
STDEV 0.569358871 0.55802799 0.309787946 2.605420723 6.36013417 2.798427279 6
B
1AAY Zn finger ZIF268 1.60 H49 GCGTGGGCG 217 —0.94 —0.11 3.31 —5.55 3.48 34.13 4.8
(A149)
1PDN Homeo-domain ~ PRD 2.50 H47 CGTCACGSTTSR 2.07 -11 0.38 3.49 —8.25 5.08 38.77 44
(C47)
AVG -1.02 0.135 3.4 -6.9 428 36.45 4.590785129
STDEV 0.113137085 0.346482323  0.127279221 1.909188309 1.13137085 3.280975465 0.255668782
Average CG/CG¢ 0.00 3.39 0.00 5.40 36.10
Average TG/CA* —0.09 0.53 3.33 —0.50 4.70 37.30
ref TG/CA (1D98) 0.32 0.85 3.01 —3.41 9.73 34.19

All distances and resolutions are in Angstroms.
? The first value is literature numbering and in parenthesis are the chain and residue number of the pdb file.
® The distance between the centroid of the shifted pyrimidine residue and the centroid of the reference DNA pyrimidine residue.
¢ As derived from values calculated by Olson et al."
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replication terminator protein Tus recognizes DNA
using interdomain [-strands that contact a
deformed DNA major groove.

Conformational analysis of unstacked 5'-YpG-
3’ steps

To compare the conformations of the DNA in
these complexes, we aligned each structure on a
reference, unbound DNA structure,' the sequence
of which is nearly identical with the MSE. The
5-YpG-3' step from this DNA that we have used
for the reference structure is very similar to an
averaged 5-YpR-3' step as derived from the DNA
structure database.'” With the structures aligned in
this way, the 5'-pyrimidine bases all are displaced
into the major groove between 0.7 A and 2.9 A. To
maintain pairing with the shifted pyrimidine resi-
due, the complementary purine residue slides
between 05A and 29 A along its long axis
(Figure 2(b)). In general, the inherent stacking sym-
metry of the 5-YpG-3' step is broken such that
base—base stacking is reduced in the strand that is
contacted by the arginine residue, while it is main-
tained in the complementary strand. While these
base displacements are in general quite large, all
torsion angles remain in their most favored pos-
itions for B-DNA. None of these structures adopt
a true BII conformation (e — { > 50°) like that seen
in Ndt80. Nevertheless, a large proportion have
e — { values between 0° and 40° for the 5-pyrimi-
dine residue. This is a large deviation from the
mean BI value of —80(+40)° and may indicate a
shift toward a BII conformation. Because of the dif-
ficulty in accurately modeling the phosphate group
backbone at the moderate resolutions of most of
these structures, it is possible that some may
indeed adopt a BII conformation. In general, the
positions of the phosphate groups of both the
guanine residue and the 5-pyrimidine residue are
also shifted towards the major groove. In each of
the complexes, the shifted phosphate groups are
contacted by the protein through either salt bridges
or hydrogen bonding interactions. This suggests
that the 5-YpG-3' deformation enhances stacking
with the arginine, and facilitates backbone inter-
actions that may be critical for specificity through
indirect readout. Conversely it is also possible that
these backbone interactions may facilitate the
5-YpG-3' deformation.

We have also analyzed the DNA conformation
in terms of the six independent parameters that
fully describe the conformation of two successive
base-pairs within a double-stranded DNA
structure’ (Table 1). Intriguingly, most of the
5-YpG-3' steps show significant negative shift
and negative tilt, but no consistent trend away
from standard values is observed for any of the
other parameters. The negative shift corresponds
to a movement of the 5-pyrimidine residue into
the major groove. The negative tilt corresponds
to a change in the angle between the adjacent
base-pairs of the 5-YpG-3' step such that the

bases in contact with the arginine residue on
one strand have a smaller rise than their comp-
lementary bases on the opposite strand. This
negative tilt is allowed because of the low degree
of stacking between bases of the 5-YpG-3' step in
contact with the arginine residue.

We also estimated the energy cost associated
with each of these base-pair steps as derived from
their helical parameters. The costs vary from 2.3 to
18.7 in terms of kgT /2, and correspond to Z scores
of 1.5-4.3 (Table 1). These values indicate that the
conformations of each 5-YpG-3' step differ signifi-
cantly from the average 5-YpG-3' structures, and
provide additional support for the idea that the
conformations of these base-pair steps have been
deformed through interactions with the amino
acid side-chain.

Arginine residue—5'-YpG-3' interactions and
sequence-specific recognition

We next analyzed the available biochemical data
to determine whether these proteins selectively
bind to DNA targets that have pyrimidine residues
rather than purine residues immediately 5 to the
guanine base. In all cases, the available data
strongly suggest that the 5-pyrimidine residue is
preferred and, in most cases, an analysis of the
protein-DNA interface indicates that contacts
between the arginine residue and the 5-YpG-3
plays a key role in this recognition.

For the AML/Runt protein, the consensus DNA-
binding site has been defined as 5-YGYGGTY-3
(contacted bases in bold) through in vitro selection
experiments,”~** where the 5-YpG-3' highlighted
in bold is contacted by Argl74. In this case, no
other contacts are made to the 5-pyrimidine
residue (or its complementary purine residue),
although contacts are made to the phosphodiester
backbone. We also note that the 5-YpG-3' step
immediately 5’ to this step does not display signifi-
cant unstacking, yet the 5-pyrimidine residue is
conserved.

For the homeodomain protein, MATa2, a 5-
TGT-3' sequence forms the core of the recognition
site*®** and Argb4 contacts the central guanine
residue and stacks with the 5-thymine base.”*
The O4 of the 5-thymine base hydrogen bonds
with a water molecule that in turn is hydrogen
bonded by Ser50. The Ser50 interaction is not con-
served in all the MATa2 structures; for example,
in the structure of MATa2 determined in the
absence of MATal (1APL),” this water molecule is
missing and the T-A base-pair in question makes
no direct or indirect contact with the protein,
other than through the DNA backbone. It, there-
fore, seems very likely that the strong preference
for thymine bases at the 5 position is due to stack-
ing interactions with Arg54. The homeodomain-
binding partner of MATa2, MATal, also shows
this form of recognition between Argb5 and a
5-TpG-3 step within its consensus binding site,
5-TGATGA-3'. In this case, the 5-thymine base is
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not in contact with MATal other than Arg55,
although the degree of displacement of the
5-thymine base is the smallest of the structures
examined here. Another family of heterodimeric
homeodomain transcription factors, Hox-Pbx
(human)® and Ubx-Exd (Drosophila),”® show this
kind of DNA interaction between the Pbx/Exd
subunit the consensus DNA-binding site 5-
ATGATT-3'*° Here, conserved Arg55 contacts the
5-TpG-3 in bold via the major groove, while the
A-T base-pairs at the 5'-end of the site are also con-
tacted by Arg5 via the minor groove. The minor
groove contact by Arg5 is expected to exclude G-C
base-pairs at this position, but cannot select T-A
over AT base-pairs. This selection is more likely
provided by the Arg55 contact. This kind of
interaction is reminiscent of the recognition of the
5-TpG-3' step at positions 5 and 6 of the Ndt80-
binding site, where the thymine base appears to
be pulled into the major groove through stacking
interactions with Argl77, and at the same time,
pushed vig the minor groove by Pro57.

The E. coli purine repressor, PurR, contains a
conserved 5-YpG-3' sequence at positions 3 and 4
of its consensus binding site.”** This 5-YpG-3' is
only contacted by a single arginine residue, Arg26,
and is highly unstacked in a number of indepen-
dently determined crystal structures.”*> More-
over, it seems likely that this kind of recognition is
conserved within the large Lacl family of transcrip-
tional repressors, as many of these proteins
recognize a conserved 5-YpG-3' step at positions 3
and 4 which they contact with conserved arginine
residue side-chains.”

The E. coli CRE recombinase also contacts its
DNA targets using a helix-turn-helix motif.>**”
The recombinase recognizes a large, palindromic
DNA target sequence, yet, paradoxically, makes
only one major groove contact. The single contact
is between Arg259 and a conserved 5-CpG-3' step
in the consensus sequence. Glu262 is in the vicinity
of the 5'-cytosine base, but its carboxylate group is
too far from the cytosine base exocyclic amine
group (>4 A) to exert a significant sequence
selectivity.

The human E2F and related DP protein are cell-
cycle transcription factors that cooperatively recog-
nize their target DNA (5-TTTCGCGCG-3/)*~*
with a winged helix motif. In a heterodimeric
structure of E2F-DP there are two 5-YpG-3' steps
that show arginine residue mediated unstacking.*
One involves Argh6 of E2F and the second
involves Argl21 of DP, both of which recognize
5-CpG-3 steps. The step recognized by Argl21 of
DP is simultaneously contacted from the minor
groove by Argl7 of E2F. The major difference in
this case is the arginine residue in the minor
groove comes from a different subunit, E2F. The
ability of these two subunits to cooperate in the
recognition of the 5-CpG-3' step is dependent on
the flexibility of the 5'-YpR-3' step to accommodate
both contacts simultaneously.

ZIF268 contains three tandem Zn fingers that

each recognize a three base-pair DNA target within
a nine base-pair site.***> The N-terminal finger con-
tacts the 3'-most three base-pairs of the binding site
(5-GCG-3'). Argl8 immediately N-terminal to the
recognition helix (at the “ — 1” position) contacts
the 5'-CpG-3' step via hydrogen bonding and stack-
ing. However, while the 5-cytosine base is clearly
recognized in a sequence specific manner, at least
part of this recognition is from major groove van
der Waals interactions between the cytosine base
and Glu2l. It seems plausible that in this case
Argl8 and Glu2l cooperate to recognize the
5-CpG-3 step, as the shift of the cytosine base
into the major groove (facilitated by stacking with
Argl8) is required to achieve van der Waals con-
tacts with Glu2l. In addition, the third Zn finger,
which recognizes the 5-most binding site
(5-GCG-3'), contacts the highlighted guanine
residue through Arg74. Here, the 5 C-G base-pair
does not make any other direct sequence specific
contacts and the cytosine base of this pair is shifted
into the major groove. Therefore, specificity for the
5'-cytosine base is likely achieved through arginine
residue stacking.

The C/EBPB homodimeric transcription factor
preferentially binds a near palindromic DNA con-
sensus sequence, 5-RTTRCGCAAY-3'.** The centre
of symmetry of the DNA site is a 5-CpG-3' step
which is recognized in a surprisingly asymmetric
manner by the protein. Arg289 from one of the
monomers recognizes this base-pair step through
hydrogen bonding interactions with the guanine
residue and van der Waals interactions with the
5-cytosine base, which induces unstacking
between the contacted bases. In contrast, the 5-
CpG-3 on the complementary strand remains
stacked and, as a result, Arg289 from the other
monomer from the complex does not contact the
complementary strand but instead adopts a differ-
ent conformation to contact an adjacent 5-TpG-3'
step.

The E. coli replication termination protein Tus
recognizes DNA through a novel B-strand motif
that interacts with a distorted DNA major groove.*
A highly conserved 5-TpG-3' step* is recognized
by Arg232 from the B-strand motif. No other
amino acid side-chains contact this base-pair step
from either the major or minor groove. 5-TpG-3'
unstacking induced by Arg232 may also be
involved in generating the DNA distortion that is
recognized by Tus.

Evidence for arginine residue-induced
distortion 5'-YpG-3' steps

The X-ray crystal structure of a mutant form of
the MAToa2 homeodomain bound to DNA
provides strong evidence that arginine residue
recognition of a 5-TpG-3' step directly leads to the
unstacking of the dinucleotide step. In the mutated
protein, the arginine residue (Arg54) which nor-
mally contacts the 5-TpG-3' step in the wild-type
protein, is mutated to alanine, as are two other
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Figure 3. Evidence for arginine residue-induced unstacking 5-YpG-3' steps. A triple alanine residue mutant of
MATa2 was aligned to a wild-type MATa2 structure using the G-C base-pair of the 5-YpG-3' step as in Figure 1. The
surface and protein side-chains are from the wild-type structure and the wild-type DNA is shown in green. The
DNA from the alanine residue mutant is shown in gold. The 5'-thymine base moves just over 1 A towards the minor

groove when Arg54 is mutated to an alanine.

major groove recognition residues, Ser50 and
Asn51. The DNA sequence of this structure is
identical with the MATal/a2/DNA structure
described above. The wild-type and mutant
protein structures are very similar as indicated by
an RMSD value of 048 A over 58 aligned C*
atoms. However, when the G-C base-pair of the
mutant structure is aligned with the native struc-
ture, the extent of the unstacking induced by the
arginine residue becomes apparent. The 5'-thymine
base of the wild-type MAT«2 is shifted more than
1 A into the major groove when compared with
the mutant structure (Figure 3). Since neither
Ser50 nor Asn51 make direct contact to the shifted
base-pair in the wild-type structure, it is most
likely that the displacement of the 5'-thymine base
into the major groove in the wild-type structure is
a direct consequence of its interactions with Arg54.

5'-TpG-3' versus 5-CpG-3' recognition

In theory, either 5-TpG-3 or 5-CpG-3' steps
could be recognized equally well by simultaneous
w—cation and hydrogen bonding interactions with
arginine residues. In most cases, however, the pro-
teins are specific for either a 5'-thymine base or a
5'-cytosine base. This specificity is often achieved
by other elements of the protein. For example, in
ZIF268-, Cre-, E2F- and DP-DNA complexes, sub-
stitution of a 5-thymine base for the consensus
cytosine base would result in a steric clash between
the 5-methyl group of the thymine base and a side-
chain in the major groove. For ZIF268 and Cre,
glutamic acid residues provide this additional
specificity, while tyrosine residues provide this
function in E2F and DP. For the homeodomain pro-
teins Pbx and Ubx, specificity for thymine bases is
achieved through the minor groove contacts that
would exclude the 2-amino group of guanine
residue. In Ndt80 and MAT«2, the specificity for
thymine bases is in part accomplished with the
aliphatic portion of the arginine residue side-

chain, which forms a hydrophobic half-pocket for
the 5-methyl group of the thymine base. For
Ndt80, the importance of the 5-methyl group has
been directly demonstrated at the sixth position of
the consensus DNA target sequence. Substitution
of the conserved thymine base at this position
with uracil, effectively replacing the 5-methyl
group with a hydrogen atom, results in a twofold
reduction in binding affinity.” However, there are
some cases (Ndt80, AML1 and PurR, see Table 1)
where the consensus sequence indicates that either
pyrimidine residue can be accommodated. These
examples show that recognition of 5-YpG-3' steps
by arginine has the flexibility to allow either pyri-
midine residue in the 5 position.

Histidine residue—5'-YpG-3' recognition

The planar, aromatic nature of histidine, together
with its ability to hydrogen bond to nucleic acid
bases, suggested that this side-chain might also
recognize 5'-YpR-3' steps by hydrogen bonding to
the 3/-purine residue and stacking with the 5'-pyri-
midine residue. To test this idea, we searched the
protein—-DNA sequence database for 5-YpR-3'
steps in which the purine residue N7 is within
hydrogen bonding distance to a histidine residue,
and the 5-pyrimidine residue is displaced into the
major groove. Two examples of such an interaction
were found (Table 1B). One is within the ZIF268—
DNA complex, where His49 of the central finger
contacts the central guanine residue of the three
base-pair site recognized by this finger, 5-TGG-3'.
The 5-thymine base is specifically recognized by
the protein and this recognition was previously
thought to involve stacking interactions with
His49. We suggest that this stacking is made
possible by the shift of the thymine base into the
major groove. The second example is found in the
structure of the Paired (PRD) homeodomain
protein bound to its consensus DNA.* In this
structure, His47 contacts the 5-most 5-CpG-3/
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step of the DNA consensus (CGTCACGSTTSR,
where S is a guanine base or cytosine base).*
Neither the 5'-cytosine base, nor its complementary
guanine base is contacted by the protein, other
than by His47. This 5-CpG-3' step is not, however,
conserved in the binding sites for Pax proteins
that are highly similar to the PRD protein.

Generality of protein-induced unstacking of 5'-
YpG-3

Here, we have described a way in which
arginine or histidine residues can recognize the
inherent flexibility of 5-YpG-3' dinucleotide steps.
Might other amino acid residues also induce simi-
lar distortions in 5-YpR-3' steps? Glutamine and
asparagine residue side-chains can recognize
adenine bases via a pair of hydrogen bonds to the
major groove face of the DNA, in a manner that is
structurally similar to arginine—guanine base
recognition." We searched the protein-DNA struc-
ture database for examples of glutamine or aspara-
gine residue recognition of 5-YpA-3' steps that
induced unstacking between the 5-pyrimidine
bases and the adenine bases, and enhanced contact
between the glutamine/asparagine residue and the
pyrimidine residue. No such examples were found.
Thus, it may be that distortion of the 5'-YpG-3' step
requires the relatively strong cation—7 interactions
between an arginine residue or histidine residue
side-chain and the shifted nucleic acid base."*"

Unstacking (as defined in Figure 2(a)) occurs in
approximately 34% of all 5-YpG-3' steps that are
contacted by arginine residues. In contrast, only
about 10% of 5-YpG-3' steps in the free DNA
structure database display this kind of unstacking,
indicating ~ that  arginine-induced  5-YpG-3'
unstacking may be a common but not universal
consequence of these interactions. Nevertheless,
we have shown that this mode of protein—-DNA
recognition is utilized by many of the major classes
of transcription factors and in most cases helps to
explain hitherto inexplicable protein specificity for
its consensus DNA. Our analysis has focused on
relatively dramatic examples of unstacking, how-
ever, it is possible that smaller distortions could
also allow recognition of 5-YpG-3' steps by these
side-chains. If this is the case, then 5'-YpG-3' recog-
nition may be a much more general phenomena
than reported here.

Methods

The 553 protein—-DNA structures were obtained
from the 15 September, 2003 release of the protein
databaset. The database contains all structures
solved by X-ray crystallography with a resolution
of 3.0 A or better containing both DNA and pro-
tein. See Supplementary Material for listings of

thttp:/ /www.rcsb.org/pdb/

PDB files included in each of the databases used
in this study. A Perl script (ArgStack.pl, see Sup-
plementary Material) was used to find all 5-YpG-
3’ steps with an arginine residue side-chain within
hydrogen bonding distance of the O6 and/or N7
of the guanine residue and simultaneously in
close proximity to the 5-pyrimidine residue (as
determined by arginine residue CZ to pyrimidine
residue C5 distance in the case of arginine resi-
dues). The distance cutoffs used for the hydrogen
bonding distance and proximity to 5'-pyrimidine
were 3.0 A and 6.0 A, respectively. Next, the degree
of stacking of the 5-pyrimidine on the 3'-purine
residue was assessed using the criteria described
in Figure 2(a). We considered a 5-YpG-3' step
unstacked if both the YC2-SC5 and YO02-°C4
interatomic distances were longer than the
Y02-°C5 distance. Typical values_for these dis-
tances are 3.7 A for YC2-“C5, 3.8 A for YO2-“C4,
and 3.9 A for YO2-°C5. 5-YpG-3' steps with any
of these distances greater than 5 A were removed
to eliminate non-B DNA structures from the anal-
ysis. In this way, 269 5-YpG-3' steps in contact
with arginine residues were retrieved from the
database, of which 81 (or 30.1%) are unstacked.
We next repeated the search using a non-redun-
dant database in which structures with a sequence
identity of 90% or greater were removed. The non-
redundant database, containing 209 structures,
contained 142 5-YpG-3' steps in contact with argi-
nine, of which 30 (or 21%) are unstacked. In a simi-
lar fashion we assessed the stacking for all 5-YpG-
3 steps, regardless of proximity to amino acid
side-chains, in both the redundant and non-redun-
dant databases. 428/2124 (or 20%) of 5-YpG-3'
steps in the redundant dataset and 176/907 (or
19%) of 5'-YpG-3' steps in the non-redundant data-
set were unstacked by our criteria. Finally, a
DNA-only database was extracted from the RCSB
database, which consisted of all structures contain-
ing only DNA, solved by X-ray crystallography to
3.0 A resolution or better, and identified as B-DNA
in the PDB header. 142/1444 (or 10%) of 5-YpG-3'
steps of the DNA-only database are unstacked.

The structures retrieved from this automated
procedure were then visually inspected to ascer-
tain if the steps are unstacked independently of
the criteria above. Each structure was aligned to
the reference DNA by least-squares superposition
(as implemented in O) of the 3/-purine base and
its Watson—Crick partner onto the guanine—cyto-
sine base-pair of the reference step (residue B22
(G) and A3 (C) of the reference). The displacements
of the centroids of the 5-pyrimidine base and its
base-paired partner relative to the reference
structure were then determined. For the protein-
DNA complexes for which there are multiple inde-
pendent structures deposited in the RCSB data-
base, we have only discussed those structures for
which unstacking is consistently observed in a
majority of the deposited structures.

DNA helical parameters and torsion angles of
the extracted structures were calculated using
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3DNA.”" The energy of displacement of the helical
parameters from their mean values, expressed in
terms of kgT /2, was calculated as described."” The
square root of this value gives the number of stan-
dard deviations from the minimum energy rep-
resented by the average parameters (i.e. Z-score).

Similar searches were also performed for 5'-YpR-
3’ steps in contact with histidine, glutamine, lysine
or asparagine residues via the major groove. Sig-
nificant unstacking was only observed for 5-YpG-
3’ steps in contact with histidine, but not for any
of the other side-chains.
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